Background: Several monoclonal antibodies for the treatment of Alzheimer's disease (AD) have been in development over the last decade. BAN2401 is a monoclonal antibody that selectively binds soluble amyloid β (Aβ) protofibrils.
Background
Current treatments for Alzheimer's disease (AD) have no effect on disease progression, which creates a large unmet medical need. Several monoclonal antibodies against amyloid β (Aβ) are in development as potential disease-modifying treatments. Antibodies are attractive drugs as they can be made highly specific for their target. Data from recent AD trials remain inconclusive, but provide some suggestion that a treatment effect of immunotherapy is possible. Bapineuzumab, a monoclonal antibody targeting non-selectively all forms of Aβ, generated side-effects leading to lowering of treatment doses and no treatment effect was found [12] . Solanezumab was developed to target soluble, monomeric Aβ. In two phase 3 studies, solanezumab did not meet primary endpoints [2] . However, when data from the two studies were pooled, a pattern emerged with a slowing of cognitive decline in the subgroup of mild AD. The lack of robust clinical effect with antibodies binding Aβ fibrils or monomers has drawn attention to antibodies targeting soluble, aggregated forms of Aβ.
Aβ exists in various conformational states -monomers, oligomers, protofibrils, and insoluble fibrils [10, 11, 22] . Protofibrils are soluble Aβ aggregates, larger than approximately 100 kDa, i. e., eluting in the void volume on a Size Exclusion Superdex 75 column [1, 8, 9, 19, 20] . There is increasing evidence suggesting that oligomers and protofibrils are more toxic than insoluble fibrils or monomers and that they mediate neurotoxicity and alter synaptic function [7, 10, 21, 22] . The Arctic Alzheimer mutation (AβPP E693G) has been shown to specifically increase the formation of soluble Aβ protofibrils, an Aβ species toxic to neurons and likely to be present in all cases of AD [9] . Indeed, Arctic mutation cases were negative for fibrillar amyloid, as measured by Pittsburg compound B ( 11 C-PIB) with positron emission tomography (PET) [13] . This suggests that reducing Aβ protofibrils could provide an effective treatment approach for AD that might ameliorate neuronal toxicity and potentially improve other pathological processes, e.g., synaptic dysfunction, inflammatory changes, and, ultimately, neuronal loss [4, 5, 10] .
mAb158 is a murine monoclonal antibody that was raised to target protofibrils [3] , and BAN2401 is the humanized IgG1 monoclonal version that selectively binds to Aβ protofibrils. In vitro studies demonstrated that the binding characteristics are essentially indistinguishable from mAb158. BAN2401 has at least a 1000-fold higher selectivity for protofibrils compared to monomers and 10-15 times better binding to protofibrils than to fibrils [14, 15] . Treatment of transgenic mice carrying both the Swedish and the Arctic mutations with mAb158 demonstrated that plaque formation was prevented if the antibody was given before the appearance of plaque in young mice. If treatment started later in this mouse model, levels of insoluble Aβ in the brains of plaquebearing old mice were not affected. However, in both cases, soluble Aβ protofibril levels were diminished, showing that mAb158 can selectively reduce protofibrils in vivo [6] .
The objectives of this study were to evaluate the safety and tolerability of BAN2401 in AD patients following single and multiple ascending doses and to assess the pharmacokinetics (PK) in serum and cerebrospinal fluid (CSF). In addition, effects of BAN2401 on CSF and plasma biomarkers of AD were investigated.
Methods

Study design
A multicenter double-blind randomized placebo-controlled study was performed in subjects with mild to moderate AD. No major issues in our animal studies, or in the formal toxicological studies were seen. The starting dose was set with an acceptable margin to NOAEL (No Observed Adverse Effect Level). Estimations of dose levels were made from treatment studies in our transgenic Alzheimer mice models. The top dose was chosen from our studies on transgenic Alzheimer mice and based on lowering of Aβ protofibrils.
The study was comprised of two parts. In the single ascending dose (SAD) study, doses of 0.1, 0.3, 1, 3, 10, and 15 mg/kg were evaluated. A multiple ascending dose (MAD) part investigated doses of 0.3, 1, and 3 mg/kg administered every four weeks with a total of four doses over four months and a dose of 10 mg/kg biweekly, with a total of seven doses over four months (Fig. 1) . Each cohort consisted of eight subjects, two randomized to placebo and six to BAN2401. BAN2401 was given as an i. v. infusion. Treatment periods of the SAD and MAD cohorts took place in a staggered parallel manner. Cohorts were initiated after review of the safety and PK data of the previous cohorts. Before determining to proceed to the next dose level, each SAD cohort was observed for four weeks post dose. This included assessment of a noncontrast brain MRI at three weeks after dosing to evaluate the presence of amyloid related imaging abnormalities (ARIA-E for edema/H for hemorrhage). Treatment in each MAD cohort was initiated after review of all available safety data, including data from the equivalent and the next higher single dose levels. Data included MRI, vital signs, electrocardiogram (ECG) and laboratory data collected at least three weeks post dose in the SAD study. Subjects were followed for up to 180 days after final dosing.
The study was carried out in accordance with the principles of the Declaration of Helsinki and Good Clinical Practice guidelines and was in full compliance with International Conference on Harmonisation guidelines and all applicable local good clinical practice regulations. 
Safety
Safety assessments for SAD, MAD1-3, and MAD4 are outlined in Additional file 1: Addendum, Tables S1A-S3A, respectively. To assess for ARIA, regular non-contrast brain MRI scans were performed to detect ARIA-H [18] according to the schedule outlined in Additional file 1: Tables S1A-S3A. All subjects underwent MRI at baseline. Subsequent MRI scans were performed at three weeks, three months, and at the termination visit at 180 days post dose for SAD1-5 and at 90 days for SAD6. Doses were not administered until evaluation of the most recent MRI. An additional safety MRI was conducted at 90 and 180 days after the final dose for MAD1 and MAD2 cohorts, and at 90 days for MAD3 and MAD4 cohorts.
Pharmacokinetics
In the SAD cohorts, serum concentrations of BAN2401 were measured pre dose, at 0, 0.5, 1, 2, 4, 8, and 24 h post dose, and at 10, 21, 28, 90 and 180 days post dose. Concentrations of BAN2401 in CSF were measured in SAD6 (15 mg/kg) on day 2 for the first four subjects and on day 10 for the next four subjects. In the MAD cohorts, serum BAN2401 concentrations were measured pre dose and immediately post dose for all four infusions. Additional samples were collected at 0.5, 1, 2, 4, 8, and 24 h post dose after doses 1 and 4. In addition, single samples were collected three weeks and three months post dose. A validated method for measurement of BAN2401 based on liquid chromatography and mass spectrometry (LCMS) (Frontage Laboratories, Exon, PA, USA) was used. The LCMS method had a lower limit of quantification of 0.5 μg/mL. Concentrations of BAN2401 in CSF were measured using a validated ELISA with electrochemiluminence detection with a lower limit of quantification of 3 ng/mL.
Target engagement and pharmacodynamics
Plasma concentrations of Aβ were measured at the same time points as for the PK assessments. It was not possible to measure reliably plasma Aβ due to technical difficulties. Evidence for a dose relationship with plasma biomarkers was evaluated. Aβ , t-tau, and p-tau concentrations were measured in the CSF collected at baseline and in SAD6 and MAD4 10-14 days after the final dose in each cohort. All statistics were descriptive. 
Results
Subjects
Participant demographics are shown in Table 1 . Mean age of the 48 subjects in the SAD cohorts was 70.9 years and mean MMSE score was 23.8. For the 32 subjects in the MAD cohorts, the mean age was 70.0 years and the mean MMSE score was 23.3. Overall, demographic and other baseline characteristics of the groups treated with BAN2401 were similar to those of subjects on placebo. Subject disposition is shown in Fig. 2 .
Safety
The numbers of subjects experiencing treatment emergent adverse events (TEAEs) are shown in Tables 2 and 3 . There were no trends to suggest an increasing incidence of TEAEs with increasing dose across the SAD cohorts. All of the TEAEs were classified as mild or moderate. The most frequently observed TEAEs with a single dose of BAN2401 were dizziness (8.3 vs. 8.3 % on placebo), fatigue (5.6 vs 8.3 % on placebo), and sinusitis (5.6 vs 0 % on placebo). One subject on BAN2401 in the 0.3 mg/kg SAD cohort developed new asymptomatic ARIA-H during treatment. The subject had two microhemorrhages at baseline and developed new asymptomatic ARIA-Hs identified on routine MRI on Days 90 and 180. The subject remained clinically stable throughout the study. One subject on BAN2401 in the 1 mg/kg SAD cohort experienced an asymptomatic ARIA-H, discovered on Day 21 routine MRI scan considered by the investigator to be possibly related to the study drug. This macrohemorrhage was just above the upper size limit of microhemorrhages. The subject remained asymptomatic throughout the study, and the ARIA-H had completely resolved by Day 180. There was one case initially interpreted as vasogenic edema in a subject on active drug in the 3 mg/kg SAD cohort. However, this was not considered study related as it was associated with a brain nodule secondary to metastasis from a primary lung tumor, present prior to the initiation of treatment.
The most frequently observed TEAEs in subjects treated with multiple doses of BAN2401 were upper respiratory tract infection (16.7 vs. 12.5 % on placebo), headache (12.5 vs. 25 % on placebo), and orthostatic hypotension (12.5 vs. 0 % on placebo) (Tables 2 and 3 ). All of the TEAEs were classified as mild or moderate with no severe TEAEs.
Six subjects in the MAD cohorts, of which one was on placebo, had ARIA-Hs detected by MRI at baseline. In the 1 mg/kg MAD cohort, new asymptomatic ARIA-Hs emerged during the study in the two subjects on placebo and in one subject on active treatment. The subject on BAN2401 (1 mg/kg) had two new ARIA-Hs identified on MRI after three doses. All three of these subjects remained clinically stable throughout the study. No new abnormal neurological or MRI findings associated with these ARIAEs were observed.
Over the course of the entire study there were no symptomatic ARIA-Es, ARIA-Es or superficial hemosiderosis seen with either single or multiple BAN2401 doses. No subject experienced a TEAE that resulted in discontinuation or death.
The incidence of treatment-emergent, out-of-range values in hematology, clinical chemistry, or urinalysis parameters was comparable between different doses of BAN2401 and placebo throughout the treatment period. The mean values of vital signs in subjects treated with various BAN2401 doses were generally stable and comparable to those on placebo throughout the treatment period. 
Pharmacokinetics
SAD cohorts
Mean serum concentration time profiles of BAN2401 for ascending doses are shown in Fig. 3a and findings for the pharmacokinetic parameters are listed in Table 4 . The median t max occurred at approximately 1.8 to 2.2 h from the start of infusion. The mean C max and the AUC increased approximately proportionally with BAN2401 dose from 0.3-15 mg/kg. Single BAN2401 doses from 0.3-15 mg/kg showed first order elimination kinetics. Due to limitations in the assay, mean serum half-lives for BAN2401 were only estimated for subjects receiving 10 and 15 mg/kg of BAN2401 and were 165 h (6.9 days) and 174 h (7.3 days), respectively.
MAD cohorts
Mean serum concentration time profiles are shown in Fig. 3a and b and findings for other pharmacokinetic As expected based on the half-life, no accumulation was observed when BAN2401 was administered at 28 day intervals. Biweekly infusions of BAN2401 (10 mg/kg) achieved steady state serum concentrations after the third dose, i.e., after approximately six weeks of treatment. The minimum observed concentration at steady-state (Css, min) achieved with this dosing regimen was approximately 40 μg/mL, with an accumulation factor of approximately 1.4.
CSF: serum ratios
Concurrent concentrations of BAN2401 in serum and CSF are shown in Table 5 , together with the CSF:serum ratios at 24 h and Day 10-14 after dosing. Due to sampling error only two subjects in the 15 mg/kg SAD group had CSF concentrations measured on Day 10. One subject had a CSF concentration of 624 ng/mL (CSF: serum ratio 0.81 %) and the other a CSF concentration of 72 ng/mL (CSF:serum ratio 0.07 %). In the three lower dose MAD cohorts in which there was no accumulation, the CSF:serum ratios were 0.04 -0.08 % at 24 h after the final dose (Table 5 ). However, in the 10 mg/kg biweekly MAD cohort there was BAN2401 accumulation in serum. In this cohort, the CSF:serum ratio was 0.13 % at 24 h after the final dose, and increased to 0.29 % at 14 days after the final dose.
Target engagement and pharmacodynamics
BAN2401 was associated with small dose-dependent increases in plasma Aβ in the MAD cohorts within a few hours after the first dose as well as the final dose (Fig. 4, Table 6 ). Plasma Aβ (1-40) levels declined over 
Discussion
Bapineuzumab and other early Aβ immunotherapy programs have encountered safety issues mainly due to ARIA-Es. A beneficial safety profile allowing for efficacious dose levels without undesired side effects is pivotal for success. Safety and tolerability were the primary outcome measures in this first-in-human study with BAN2401 in subjects with mild-to-moderate AD. In this study, BAN2401 was safe and well-tolerated at all doses tested. The maximum tolerated dose was not reached with either single or multiple dosing. Asymptomatic ARIA-H occurred in 3/60 (5 %) subjects treated with BAN2401, which is a lower incidence than that observed in subjects treated with placebo (2/20, 10 %). The incidence of ARIA in both placebo and BAN2401 treatment groups at base-line was within the expected levels [16] . For the ongoing phase 2b study there were no dosing limitations based on safety, as all doses were safe and tolerable.
Results of the non-compartmentalized PK analyses indicate that BAN2401 is characterized by linear PK, with dose-proportional exposure and first order elimination. The mean serum half-life of BAN2401 was approximately seven days, which was reliably determined when given at doses of 10 mg/kg or higher. This was shorter than predicted from animal PK studies. Consequently, a more frequent biweekly dosing interval was considered important, and an additional MAD cohort with 10 mg/kg biweekly dosing was added. The 10 mg/kg biweekly dose achieved minimum steady state levels of approximately 40 μg/mL after three doses, with an accumulation factor of approximately 1.4. The PK profile has guided us for selecting dose and dose regimens in the ongoing phase 2b study.
BAN2401 penetrated the blood-brain barrier and could be measured in CSF as a surrogate for CNS exposure. Due to the limited numbers of CSF samples, a cautious interpretation of the data is necessary. CSF concentration 24 h after a single dose was 0.04 % of its serum concentration and after monthly multiple doses 0.04 -0.08 %, but was somewhat higher, 0.13 % at 24 h post dose at steady state after biweekly dosing. Over a 14-day interval at steady state with multiple dosing at 10 mg/kg biweekly, the CSF: serum ratio increased to 0.29 %, which may suggest a longer half-life in CSF vs. plasma. Percentage change from baseline in Aβ Aβ amyloid β, MAD multiple ascending dose a Insufficient "n" to calculate SD There were no apparent effects of BAN2401 on CSF ttau, p-tau or Aβ . At present there is no validated assay for measuring protofibrils in human CSF. Thus, it was not possible to assess target engagement of BAN2401 in CSF. However, ex vivo immunoprecipitation experiments with BAN2401 demonstrated that the antibody was able to pull-down virtually all Aβ from AD brain tissue in the fraction containing mainly soluble Aβ aggregates. This indicates a high level of target engagement in affected brains [17] . There was no clear guidance for an effective dose based on biomarkers. For this reason, several doses and dose regimens are being tested in the ongoing phase 2b study. BAN2401 treatment led to only a slightly increased plasma Aβ (Table 6 ), which was most evident at 10 mg/kg biweekly, and this would be consistent with low affinity of BAN2401 for monomeric Aβ present in human plasma.
Traditionally, SAD and MAD studies involve the completion of each cohort before proceeding to a higher dose. In this study, we used a design allowing the SAD and MAD cohorts to be intercalated and conducted in staggered parallel fashion. Thus, the study duration was significantly shortened. An adequate duration of follow up for the assessment of ARIA and other potential adverse events could still be ensured prior to initiation of higher dose cohorts. In addition, PK results from completed earlier cohorts were used to amend the MAD dose frequency to reflect the shorter than expected halflife and to investigate if the PK profile in CSF might be comparable to that in serum. Use of this innovative study design enabled all cohorts to be completed within 12 months. It demonstrated that in this Phase 1 study BAN2401 was safe and well-tolerated at single doses up to 15 mg/kg and multiple doses up to 10 mg/kg biweekly. On the basis of this study, a Phase 2b efficacy study has been initiated in a combined population of prodromal AD and mild AD dementia.
Conclusions
Several monoclonal antibodies for the treatment of AD have been in development over the last decade. BAN2401 is a monoclonal antibody that selectively binds soluble Aβ protofibrils. The first clinical study described in this paper demonstrates that that BAN2401 was safe and well tolerated in mild to moderate AD. The presence of ARIA was assessed at multiple time points with MRI. The incidence of ARIA on MRI was comparable to that of placebo. BAN2401 exposure was approximately dose proportional, with a serum terminal elimination half-life of approximately seven days. Only a slight increase of plasma Aβ was observed but there were no measurable effects of BAN2401 on CSF biomarkers. On the basis of these findings, a Phase 2b efficacy study has been initiated in early AD. Authors' contributions VL, AS and HB participated in the design of the clinical study. RL and CS were involved in the execution of the study, acquisition of data, analysis and interpretation. JK, GO and LL were involved in assay development, analysis and interpretation of data. All authors participated in the writing of the manuscript. All authors read and approved the final manuscript.
